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The subterahertz Sun
Equatorial and polar radii from SST and ALMA
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Abstract. The optical radius of the Sun is RN = 6.957(1) × 108 m corresponding to an angular size of 959.6300 from 1 AU and defines
to the solar photospheric radius. However, as the wavelength of the observation changes, the radius varies because the altitude of
the dominant electromagnetic radiation is produced at different heights in the solar atmosphere. Therefore the solar radius is a very
important parameter for the calibration of solar atmospheric models enabling a better understanding of the atmospheric structure. The
average solar radii measured with extensive data from the Solar Submillimeter-wave Telescope and with ALMA solar maps were
966.7 ± 1.6 (0.100 THz), 962 ± 5 (0.212 THz), 962.9 ± 1.9 (0.239 THz) and 962 ± 6 (0.405 THz). Also, the radii variation over 11
years was found to be anti-correlated with the sunspot cycle at 0.2 and 0.4 THz frequencies.
Resumo. O raio óptico do Sol é RN = 6.957(1) × 108 m, representado por um tamanho angular de 959.6300 a 1 AU e corresponde
ao raio fotosférico. No entanto, à medida que o comprimento de onda da observação muda, o raio varia porque a altitude da
radiação eletromagnética dominante é produzida em diferentes alturas. Portanto, o raio solar é um parâmetro muito importante para
a calibração de modelos atmosféricos solares, permitindo uma melhor compreensão da estrutura atmosférica. O raio solar médio foi
determinado com um extenso conjunto de dados do Telescópio Solar Submilimétrico e com mapas solares do ALMA resultando em
966.7 ± 1.6 (0.100 THz), 962 ± 5 (0.212 THz), 962.9 ± 1.9 (0.239 THz ) e 962 ± 6 (0,405 THz). Além disso, observou-se que a
variação do raio ao longo de 11 anos foi anticorrelacionada com o ciclo de manchas solares nas freqüências de 0,2 e 0,4 THz.
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1. Introduction
The solar radius is a fundamental parameter measured and studied for centuries [Vaquero et al. , 2016, Gilliland , 1981] mainly
at optical wavelengths and just some decades ago [Coates , 1958]
studies at radio frequencies began to take place. According
to International Astronomical Union (IAU) Resolution B3, the
nominal solar radius, RN , is 6.957(1) × 108 m [Mamajek et al.
, 2015] and corresponds to 959.6300 in angular size. That is the
photospheric radius at optical wavelengths.
The study of this parameter provides important information
on the solar atmosphere and the solar activity cycle. With observations at several wavelengths, different layers of the solar atmosphere can be observed and studied, so the radius varies as a
function of wavelength as can be seen in Table 1. In other words,
the radius can be understood as a height above the photosphere
where these emissions are being mainly created. Furthermore,
the solar radius can be used to improve and calibrate solar atmosphere models as a input parameter and boundary condition.
At subterahertz frequencies, i.e. millimeter and submillimeter wavelengths, there is a gap of measurements of the radius
and other parameters of the solar atmosphere (Table 1 and Fig.
5). From 2.61 mm (115 GHz) to 1.30 mm (231 GHz) and from
1.26 mm (239 GHz) to smaller submillimeter-waves there are no
radius measurements.
Another aspect to be considered is that the radius at radio
frequencies is not constant. Bachurin [1983] reported temporal
variations of the solar radius at microwaves. In July 1980 and
January 1981, the measured radii were 1.031 ± 0.002 R at 13
GHz and 1.043±0.004 R at 8 GHz, which is an increase close to
9.600 and 13.800 , respectively, in comparison with measurements
of 1976.

Table 1: Solar radius and altitude values at radio frequencies.
Authors
Fürst et al. [1979]
Fürst et al. [1979]
Bachurin [1983]
Fürst et al. [1979]
Bachurin [1983]
Wrixon [1970]
Selhorst et al. [2004]
Costa et al. [1986]
Fürst et al. [1979]
Wrixon [1970]
Pelyushenko & Chernyshev [1983]
Costa et al. [1986]
Costa et al. [1999]
Pelyushenko & Chernyshev [1983]
Coates [1958]
Kislyakov et al. [1975]
Swanson [1973]
Alissandrakis et al. [2017]
Labrum et al. [1978]
Wannier et al. [1983]
Horne et al. [1981]
Alissandrakis et al. [2017]

Frequency
(GHz)
3
5
9
11
13
16
17
22
25
30
35
44
48
48
70
74
94
100
100
115
231
239

Radius
(arcsec)
1070 ± 17
1020 ± 9
989 ± 2
991 ± 5
989 ± 2
990 ± 4
976.6 ± 1.5
981.7 ± 0.8
979 ± 4
979 ± 4
979 ± 3
978.1 ± 1.3
983.6 ± 1.9
973.1 ± 2.9
969 ± 5
967 ± 4
972 ± 5
964.1 ± 4.5
966 ± 1
969.3 ± 1.6
968.2 ± 1.0
961.1 ± 2.5

Temporal observational series obtained over many years
show that the radius undergoes slight variations which can be
correlated with the 11-year solar activity cycle. In Costa et al.
[1999] the solar radius is measured using a 13.7 m dish at 48
GHz. The average radius is found to be 983.600 ± 1.900 , however variations were observed and seen to be in phase with the
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Figure 1: Cycle 22 sunspot number. The thin black line is the Solar
Geophysical Data mean monthly sunspot number. The thick black line
is the 31 day averaged soft X-ray fluxes from GOES. The red circles
represent the solar radius at 48 GHz. The red line is the radius linear fit.
Source: adapted from Costa et al. [1999].

Figure 3: Stages of solar radius determination. Top left: scans (dashed
lines) over the solar disk (yellow) with circles representing the six telescope beams. Top right: distribution of the normalized temperature values where the background value (blue line) and quiet-Sun level (green
line) are defined. Bottom left: indication of the points corresponding to
the solar limb of one scan. Bottom right: limb coordinates with circle
fit.

In the present study, we present the measurements of mean
solar radii at 100, 212, 239 and 405 GHz and their respective altitudes above the photosphere. Also, an investigation of the correlation between subterahertz (212 and 405 GHz) radii variation
and the sunspot cycle is made. The methodology used for that
is a much improved version of the methodology presented in
Menezes & Valio [2015].

2. Observations and Data

Figure 2: A running mean taken every 30 days of the (a) radius, (b) polar radius, (c) mean brightness temperatures above the quiet Sun level at
the North pole, and (d) sunspot number. Source: adapted from Selhorst
et al. [2004].

sunspot cycle (Fig. 1). The period of 3 years (from 1990 to
1993), yield a linear relation.
In Selhorst et al. [2004] the average solar radius is found to
be 976.600 ± 1.500 , determined using maps at 17 GHz. Over 11
years (one solar cycle), from 1992 to 2003, the variation in the
solar radius (Fig. 2-a) is correlated with the sunspot cycle (Fig.
2-b) with a coefficient ρ = 0.88. However, the polar radius –
measurements above 60◦ N and 60◦ S of the solar disk (Fig. 2-b)
– and the mean intensities of the brightness temperature (Fig. 2c) above the quiet Sun level at the North pole are anti-correlated
to the sunspot cycle (Fig. 2-d). Correlation between polar radius
and sunspot number yield a coefficient ρ = −0.64.
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The data used for the determination of the solar radii were provided by solar observations of the Solar Submillimeter-wave
Telescope (SST, Kaufmann et al. 2002) at 0.212 and 0.405
THz, and the Atacama Large Millimeter/submillimeter Array
(ALMA, Wootten & Thompson 2009) at 0.100 and 0.239 THz.
2.1. SST Solar Maps
The SST radio telescope is an instrument conceived to study the
submillimeter spectrum of the solar emission in quiescent and
explosive conditions. The instrument is located in the Complejo
Astronómico El Leoncito (CASLEO), at 2550 m elevation, in
the Argentine Andes. It has two radiometers at 405 GHz and
four at 212 GHz, and their half-power beam widths, HPBW, are
20 and 40 (arcminutes), respectively [Kaufmann et al. , 2008]. In
Fig. 3 top left panel, their HPBW are represented by blue and
red circles.
The data set used consists of 43,300 solar maps in total
(29,967 at 212 GHz and 13,333 at 405 GHz), scanned over 2654
days. Fig. 4, top panels, shows reconstructed SST solar map examples from January 9, 2008, at 0.212 TH (left) and at 0.405
THz (right).
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Figure 4: Reconstructed SST maps from January 9 2008 (top), and
ALMA solar maps with brightness temperature scaled as T B4 in order
to show an increased contrast of the disk. Top left: 0.212 THz in which
the magenta lines and areas are the polar region constraints and the
green are the equatorial ones. Top right: 0.405 THz. Bottom left: 0.100
THz from 2015-12-16T19:42. Bottom left: 0.239 THz from 2015-1217T14:52.

2.2. ALMA Solar Maps
ALMA is an international radio telescope located in the Atacama
Desert of northern Chile, at 5000 m elevation. We used fast-scan
maps made by ALMA’s 12-meter diameter single-dish described
by [White, S. M. et al. , 2017], from observations made during
December 17th 2015, and released in 2017. Only one solar map
was used for each band, Band 3 (100 GHz) and Band 6 (239
GHz). The nominal spatial resolutions, HPBW, are 5800 and 2500
at 100 and 239 GHz, respectively [White, S. M. et al. , 2017].
Fig. 4, bottom panels, shows the ALMA maps obtained at 100
GHz (left panel) 2015-12-16T19:42 and 239 GHz (right panel)
from 2015-12-17T14:52. The color map represents the brightness temperature scaled as T B4 in order to show an increased
contrast of the disk.
2.3. Radius Determination
To determine the radius of the Sun, it is necessary to define the
solar limb [Menezes & Valio , 2015]. This is done by interpolating the mid brightness temperature value between the background and the quiet-Sun levels. The background value is set as
the most common value in the map, i.e. the greater value in the
histogram (blue line in Fig. 3, top right panel). The quiet-Sun
level is the most common value in the distribution of the solar
disk intensity (second peak to the right of the histogram, shown
as the green line in Fig. 3, top right panel). Then, the solar limb
is interpolated as the point where the intensity is the mean between the quiet-Sun and the background levels (Fig. 3, bottom
left panel) for each scan of the map. In Fig. 3, bottom right panel,
the coordinates corresponding to the limb points (black crosses)
are then fit by a circle (red line) using a least-squares method to
determine the center coordinates (blue cross) given by xc and yc ,
and the radius, Rν . Also, the map coordinates are corrected for
the Earth’s orbit eccentricity, which causes the apparent radius
of the Sun to vary between 975.300 and 943.200 during the year.
The variation is greater at perihelion and smaller at aphelion.

However there are some maps with instrumental errors
and/or high noise due to atmospheric attenuation. During the extraction of limb points, some criteria were therefore added to
avoid extracting limb points associated with high noise or active
regions.
As a first filter of radius determination, only limb points with
a distance to the map center (estimated as the average of the
coordinates x and y corresponding to intensities above the limb)
between 0.85Rap (apparent radius) and 1.166Rap are collected.
Successive circle fits are performed until some conditions are
satisfied. For each step, we discard the points which distance
from map center (obtained by the fitting) is not between ±5% of
the mean fitted radius, and then a new circle fit is performed with
the remaining points. This process is repeated while there are at
least 4 points to the left, 4 points to the right, 4 points above
and 4 points below the center (i.e. a minimum of 8 points, to
ensure precision to the fit). If there are fewer points left than this
the whole map is discarded, otherwise the radius is calculated.
If the radius value is between 94500 and 99900 and the standard
deviation is below 2000 , then the calculated radius is saved and
the next map is submitted to this process. Although the ALMA
maps have high spatial resolution and do not present great errors,
the same method was applied to them.
The radius is calculated using three different latitude regions
of the solar disk. First, the radius of each map is determined
using all the limb point coordinates. A second version, is made
with equatorial latitudes of the solar disk, i.e. points between 30◦
N and 30◦ S. The third radius determination is made with polar
latitudes, i.e. only points above 60◦ N and 60◦ S of the solar
disk. These latitude boundaries are seen in Fig. 4, left top panel,
in dashed green (equatorial) and magenta (polar) lines. Finally,
the visible solar radius is subtracted from the mean subterahertz
radii of each version and frequency to determine the altitudes
at which the 0.100, 0.212, 0.239 and 0.405 THz emissions are
being predominantly produced.
2.4. Correlation Coefficient
We used the Sunspot Number (SSN; SILSO data, Royal
Observatory of Belgium, Brussels) as the proxy for the 11-year
solar activity cycle (also referred here as sunspot cycle).
To analyze the radius dependence on the solar activity cycle,
we smoothed the temporal solar radius variation curve with three
distinct windows of running mean due to the high dispersion of
measurements. The windows are 396, 761 and 1492 days which
corresponds to 1, 2 e 4 years, respectively, with the addition of
one month in order to avoid 1-year trends. Then to check for any
correlation between the data sets we used the Pearson correlation coefficient, ρ, a measure of the linear correlation between
two variables with value between +1 and −1, where 1 is total
positive linear correlation, 0 is no linear correlation, and −1 is
total negative linear correlation.

3. Results and Discussion
3.1. Subterahertz Radii
From 2007 to 2017, approximately three solar maps per day
were performed during 2654 days. After the analysis of over 38
361 SST solar maps by the method described in Section 2, the
mean radius obtained for 0.212 THz was 97200 with rms of 500
and, for 0.405 THz, 97300 ± 600 . The ALMA solar maps yield averaged radii of 966.700 ± 1.600 and 962.900 ± 1.900 for 0.100 and
0.239 THz respectively. The corresponding emission altitudes
of these frequencies are 10 ± 5 Mm (0.405 THz), 2.4 ± 1.5 Mm
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Table 2: Average radii and altitudes at subterahertz and optical frequencies.
Frequency
(THz)
Optical
0.405 (SST)
0.405 (SST) *
0.239 (ALMA)
0.212 (SST)
0.212 (SST) *
0.100 (ALMA)

Radius
(arcsec)
959.63
973 ± 6
962 ± 6
962.9 ± 1.9
972 ± 5
962 ± 5
966.7 ± 1.6

Radius
(103 km)
695.7(1) **
705 ± 5
697 ± 5
698.1 ± 1.5
704 ± 3
697 ± 3
700.8 ± 1.2

Altitude
(103 km)
0
10 ± 5
2±5
2.4 ± 1.5
9±3
2±3
5.1 ± 1.2

* Values after subtracting the contribution of the SST beams.
** Nominal solar radius, RN , defined in the IAU’s Resolution B3 [Mamajek et
al. [2015]].

(0.239 THz), 9 ± 3 Mm (0.212 THz) and 5.1 ± 1.2 Mm (0.100
THz). These results are also summarized in Table 2.
To check for consistency, we plot our results with those from
other authors (Table 1) in Fig. 5. An exponential curve (dashed
line) shows the trend of the altitude of the emission as a function
of the observation frequencies, indicating that the altitude of the
emission decreases exponentially with frequency. Our results are
shown as red (SST) and orange (ALMA) stars in the plot. The
ALMA results are in agreement with the trend, however the SST
altitudes are above that by approximately 1000 (∼ 7 km). To investigate that, we calculated the solar radius using the brightness
temperature profiles generated with the SSC model [Selhorstet
al. , 2005], wich is a 2-D solar atmospheric model, that takes into
account the curvature of the Sun and includes the averaged contribution of chromospheric features, such as spicules, which result in a more extended chromosphere than the usually assumed
in the optical atmospheric models, for example Fontenla et al.
[1993]. Based on the SSC model, using a 700-km resolution, solar radii at 0.212 and 0.405 THz are supposed to be respectively
963.400 and 962.700 .
The solar brightness temperature profiles at 0.212 and 0.405
THz generated with SSC model at 0.212 and 0.405 THz yield
limb brightening levels about 30% above the quiet Sun level.
Moreover, the SST beam profiles are asymmetrical and have
high secondary lobes. This led us to suppose that the SST calculated radii could be undergoing a large increase due to these
conditions. To investigate that, we degraded the SSC model profiles with the reconstructed SST beam profiles, by performing
a numerical 1-D convolution. This procedure yields increases
∆R212 =9.800 and ∆R405 =11.200 in radius resulting in 973.200 and
973.900 , respectively, for 0.2 and 0.4 THz (see Fig. 6). By subtracting these increases from our results, the observed raddi decreased to 96200 ± 500 (0.2 THz) and 96200 ± 600 (0.4 THz), which
agree with the expected trend. These values are listed in Tables
2 with a asterisk symbol and in Fig. 5 with a yellow star.
As mentioned in Section 2, we calculated the subterahertz
radius in other two different ways. The equatorial mean radius
obtained for 0.212 THz was 97200 ± 500 (96200 ± 500 after subtracting ∆R212 ) and, for 0.405 THz, 97300 ± 600 (96200 ± 600 after
subtracting ∆R405 ). They were calculated with 20,959 and 7964
maps, respectively. The polar radii were determined with 18,916
maps at 0.2 THz and 6206 maps at 0.4 THz and yield 97000 ± 500
(96000 ±500 after subtracting ∆R212 ) and 97200 ±700 (96100 ±700 after
subtracting ∆R405 ), respectively. These results are listed in Table
3. The polar averaged radii are greater than equatorial ones. This
is expected since the equatorial latitudes of the Sun hold the active regions and consequently the atmosphere is more heated in
these regions.
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Figure 5: Previous altitude values as a function of the frequency from
other authors and including our present results. The dashed line represents the the trend of the points.

Figure 6: SSC model degraded with SST beam profiles. Top: profiles
at 0.212 THz. Bottom: profiles at 0.405 THz. The SSC model for Sun
brightness temperature profiles are shown in green lines (left panels).
The reconstructed SST beam profiles are shown in black (left panels).
In blue lines are shown the SST profiles from December 15th 2015
(rigth panels). In red lines are shown the SSC model profiles degraded
(numerical 1-D convolution) with SST beam profiles (rigth panels).
Table 3: Mean radii at sub-THz by latitude.
Frequency
(THz)
0.405 (SST)
0.405 (SST) *
0.239 (ALMA)
0.212 (SST)
0.212 (SST) *
0.100 (ALMA)

Whole disk
R (arcsec)
973 ± 6
962 ± 6
962.9 ± 1.9
972 ± 5
962 ± 5
966.7 ± 1.6

Equatorial
R (arcsec)
973 ± 7
962 ± 7
964.2 ± 1.9
972 ± 5
962 ± 5
967.8 ± 1.8

Polar
R (arcsec)
972 ± 7
961 ± 7
962.1 ± 1.1
970 ± 5
960 ± 5
966.4 ± 1.1

* Values after subtracting the contribution of the SST beams.

3.2. Correlation with Solar Activity
We investigated the variation in solar radius at subterahertz frequencies over time and its relationship with the 11-year solar
sunspot cycle (see Fig. 7). We analyzed the correlation with 1, 2
and 4-year running mean applied to the measured solar radii at
0.2 and 0.4 THz, for the three different latitude regions — whole
disk, equatorial and polar — which are summarized in Table 4.
At all frequencies, running mean windows and latitude regions,
the correlation were negative. At 0.2 THz, the cases with coef-
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Figure 7: Subterhertz radii (4-year running mean) and sunspot number
(gray area) from 2007 to 2017. Top: Solar radius at 0.2 THz, whole-disk
(green), equatorial (blue) and polar (cyan). Top: Solar radius at 0.4 THz,
whole-disk (yellow), equatorial (red) and polar (pink).
Table 4: Pearson correlation coefficient, ρ, by latitude.
Freq.
(THz)
0.212
0.405

Window
(year)
1
2
4
1
2
4

Whole
ρ
-0.37
-0.42
-0.55
-0.62
-0.70
-0.91

Equat.
ρ
-0.20
-0.28
-0.47
-0.32
-0.42
-0.61

Polar
ρ
-0.60
-0.65
-0.78
-0.74
-0.81
0.92

ficient, ρ, bellow 0.5 were the polar radii (all windows) and the
whole-disk radius with a 4-year running mean. At 0.4 THz, the
whole-disk and polar radii for all windows yield coefficients bellow 0.5, and also the equatorial 4-year window.
Considering strong correlation absolute values, |ρ|, above
0.75, the only strong anti-correlated case at 0.2 THz is the 4year running mean polar radius, ρ = −0.78. At 0.4 THz: 4year running mean whole-disk radius and 2 and 4-year running
mean polar radii had coefficients –0.91, –0.81 and –0.92, respectively. Based on Selhorst et al. [2004], we expected the
polar radii variation to be anti-correlated to sunspot cycle, as
the polar brightening is anti-correlated to the solar magnetic cycle. Nevertheless, we expected the equatorial radii to be positively correlated to sunspot cycle, since the equatorial regions
have an increase of active regions and temperature at solar maxima. Gilliland [1981], Wittmann et al. [1993], Delache et al.
[1993] and Laclare et al. [1996] found anticorrelation in their
solar radius studies. A possible explanation may be that high solar activity is associated with increased magnetic fields, which
would lead to a reduced energy flux transported by convection,
as indicated by Gilliland [1981].

(0.212 THz), 962.9 ± 1.9 (0.239 THz) and 962 ± 6 (0.405 THz).
From these radius values the emission heights are respectively
5100±1200, 2000±3000, 2400±1500 and 2000±5000 km above
the photosphere. Our results are in agreement with previous
measurements trend. Based on solar atmosphere models such as
SSC, VAL-C [Vernazza et al. , 1981], and C7 [Avrett & Loeser
, 2008], the altitudes of 2000 and 2400 km are in the chromospheric layer, near the transition region. At 5000 km, the emission is generated in the solar corona. Our results are crucial to
test solar atmospheric models, however more studies of such
kind at other wavelengths are needed so that models can be improved.
We also analyzed the solar radii variation over a decade
(2007–2017) at 0.212 and 0.405 THz. With whole-disk measurements, the sunspot cycle and the radius variation are very
weakly anti-correlated at 0.2 THz and strongly anti-correlated
at 0.4 THz. With equatorial measurements, there is no correlation at 0.2 THz, and a very weak anti-correlation at 0.4 THz.
However, the polar radii variation is strongly anti-correlated at
0.2 THz, while at 0.4 THz its anti-correlation is very strong. In
Section 3 we discussed possible explanation for this solar atmosphere behavior, nevertheless, further research is necessary to
satisfy this matter.
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4. Final Remarks
By analysing the extensive SST data set of nearly 40 000 maps
at 0.212 THz and 13 000 maps at 0.405 THz and the ALMA
single-dish solar maps at 0.100 and 0.239 THz, we determined
averaged subterhertz solar radii: 966.7±1.6 (0.100 THz), 962±5
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